Introduction
============

Wounds, especially chronic wounds, are debilitating ailments that afflict a patient's recovery procedure and severely attenuate the quality of life of the patient.[@b1-dddt-9-5805] A previous investigation on the Western pharmacopeia revealed that only 1%--3% of the listed drugs are suitable for the skin-related ailments, including wounds. However, one-third of herbal remedies can be effectively used for such a purpose.[@b1-dddt-9-5805],[@b2-dddt-9-5805] Therefore, the approach of developing new drugs from natural products that are capable of treating wounds has been in progress in order to elevate the therapeutic effects and accelerate the wound-healing procedure.[@b3-dddt-9-5805],[@b4-dddt-9-5805]

Skin wound healing represents a chain of dynamic and well-orchestrated biological process, which results in the regeneration and growth of wounded tissue.[@b5-dddt-9-5805] In cutaneous tissue injury, disruption of vascular vessels, and extravasation instantly commence the inflammation stage. A temporary fibrin clot and vasoconstriction favoring homeostasis provide a fleeting substrate for platelets that leads to the release of inflammatory mediators, including cytokines, extracellular matrices, and secrete growth factors.[@b6-dddt-9-5805] In addition, the incision space is filled by the proliferation of granulation tissue.[@b7-dddt-9-5805] The recruitment of macrophages and neutrophils by the inflammatory mediators initiates the tissue reepithelialization through secretion of various specific factors. The stage of tissue reepithelialization mediates the regeneration of new epithelium via migration and proliferation of keratinocytes in the wound periphery.[@b8-dddt-9-5805] Maturation or tissue remodeling stage strengthens the tissue tensile by the synthesis of collagen fibers and fibroblast proliferation. The full mending of disrupted surface by collagen fibers completes the healing process.[@b7-dddt-9-5805]

Plants with an immemorial history of ethnomedicinal uses have been proven to possess substantial capability of treatment of various ailments and diseases,[@b9-dddt-9-5805],[@b10-dddt-9-5805] However, there are numerous plant species that need to be covered with detailed scientific inspection regarding their traditional uses. One such plant with ethnomedicinal uses is *Curcuma purpurascens* BI. from the Zingiberaceae family. *C*. *purpurascens* is commonly known as "Temu tis" and "Koneng tinggang" in Indonesia.[@b11-dddt-9-5805] The rhizome of this plant has been reported to have extensive traditional uses in rural communities against different skin ailments and dermatological disorders, especially wounds and burns.[@b11-dddt-9-5805],[@b12-dddt-9-5805] Despite its traditional application, no scientific evidence has been corroborated on the potential wound-healing effect of this plant. Thus, in the present study, the efficacy of hexane extract of *C*. *purpurascens* rhizome (HECP) was investigated against excisional wound healing in rats.

Material and methods
====================

Materials and drugs
-------------------

The *C*. *purpurascens* rhizome was procured from Yogyakarta, Indonesia, in August 2013. The plant material was authenticated and deposited in the herbarium of the Chemistry Department, University of Malaya with voucher specimen number KL 5793. The botanical identification was made by Mr Teo Leong Eng, Faculty of Science, University of Malaya. Intrasite gel, a trademark for Smith and Nephew Healthcare Limited, Hull, UK, is a colorless transparent aqueous gel applied as the standard wound-dressing drug and acacia gum used as blank placebo.

Preparation of the extract
--------------------------

The air-dried rhizomes of *C*. *purpurascens* were ground into small pieces using a hammer mill. The rhizomes (1.0 kg) were extracted by being macerated in hexane (4 L) at 25°C for 3 days. The extract was filtered using Whatman No 1 filter paper. The filtrate was concentrated to dryness at 40°C using the Buchi R110 Rotavapor (Büchi Labortechnik AG, Flawil, Switzerland) and stored at -20°C until use. Two concentrations of HECP (100 and 200 mg/kg) were provided by homogenously mixing the extract with the blank placebo.

Animals
-------

Male Sprague Dawley rats (150--180 g, 6--8 weeks old), obtained from the animal house of the Animal Experimental Unit (University of Malaya), were individually housed in polypropylene cages under standard experimental conditions. The rats were controlled at temperature of 25°C±0.50°C, with 12 hour light--dark cycles, and fed on normal pellet diet and water ad libitum. All animal procedures were approved by the Faculty of Medicine Institutional Animal Care and Use Committee, University of Malaya (FOM IACUC, ethics approval number 2014-03-05/PHAR/R/ER).

Excision wound model
--------------------

The excision wound model was used to study the wound-healing effect of HECP in rats. The rats were generally anesthetized using intramuscular injection of ketamine and xylazine prior to the wound creation. The necks of the rats were thoroughly shaved with sterile razor blade and disinfected with alcohol (70%). After marking an oval wound on the shaved necks of the rats, a full thickness of the excision wound (approximately 2.00 cm) with 2 mm depth was created without any damage to the muscle layer using a sterile surgical blade and disinfected scissors ([Figure 1](#f1-dddt-9-5805){ref-type="fig"}). The neck area was chosen for this experiment to preclude the rats from biting and stretching the wound area.

Grouping, ointment administration and wound closure percentage
--------------------------------------------------------------

Four groups (n=6/group) of rats were used for the experiment. Group A: wounds treated with blank placebo (negative control), group B: wounds treated with HECP (100 mg/kg, low dose), group C: wounds treated with HECP (200 mg/kg, high dose), and group D: wounds treated with intrasite gel (500 mg/kg). Starting from the day of wounding (day 0), treatment samples (0.2 mL) were topically dressed over the entire wound twice daily for 20 days. Wound contraction (mm^2^) was measured by tracing margins of the wound using transparent graph papers on days 5, 10, 15, and 20. The evaluated surface area was then employed to determine the wound-healing percentage of each rat through calculation of the wound reduction from the initial size.[@b13-dddt-9-5805]

Histological evaluation
-----------------------

On day 20 after surgery, the cross-sectional full-thickness specimens of skins were excised from healed wounds and surrounding tissues. Samples were fixed and processed using a paraffin tissue-processing machine (Leica Microsystems, Wetzlar, Germany), and then 5 µm sections were stained with hematoxylin and eosin, and Masson's trichrome stain to examine the histopathological alterations.

Immunohistochemistry analysis
-----------------------------

The Bax and Hsp70 protein expressions were evaluated in each formalin-fixed paraffin-embedded wounded tissue section, as previously described in detail.[@b14-dddt-9-5805] Immunostaining was performed using the EGFR pharmDx™ kit (DakoC ytomation, Carpinteria, CA, USA), according to the manufacturer's protocol. In brief, endogenous peroxidase activity was quenched using a peroxidase block. Tissue sections were then incubated with Bax (1:200, Cat: ab7977; Abcam, Cambridge, MA, USA) and Hsp70 (1:500, Cat: ab2787, Abcam) biotinylated primary antibody for 15 minutes followed by another 15 minutes of incubation with streptavidin--horseradish peroxidase. The sections were incubated with diaminobenzidine tetrahydrochloride for 5 minutes, and then counterstained with hematoxylin and 0.5% ammonia in water. The brown illustrations of samples under a light microscope demonstrated the positive findings.

Enzymatic activities
--------------------

On day 20 after surgery, the granulation tissues (200 mg) were homogenized in Tris buffer. The tissue homogenates were centrifuged at 6,000 rpm for 20 minutes at 4°C and the supernatant was employed for further assessment of the enzymatic activities. Commercial kits (Cayman, Ann Arbor, MI, USA) were applied to measure the activity of catalase (CAT) (Item No 707002; Cayman), glutathione peroxidase (GPx) (Item No 703102; Cayman), and superoxide dismutase (SOD) (Item No 706002; Cayman) in tissue homogenates, according to the vendor's protocol.

Lipid peroxidation
------------------

Lipid peroxidation in wound tissue homogenates was determined by measuring the malondialdehyde (MDA) content (Item No 10009055; Cayman), a direct product formed as a result of peroxidation of lipids, using Wills' method described in a previous study.[@b15-dddt-9-5805] MDA level was assayed in the form of thiobarbituric acid reactive substances and represented in nanomoles of MDA formed per milligram protein.

Statistical analysis
--------------------

All data were expressed as mean ± SEM of n animals per group. Statistical significance of difference groups was evaluated by analysis of variance followed by Tukey's test. Values of *P*\<0.05 were considered significant.

Results and discussion
======================

Topical application of HECP-augmented excision wound healing in rats
--------------------------------------------------------------------

In ethno medicine of Indonesia, *C*. *purpurascens* rhizome has been employed for its wound-healing effect with topical use on the skin.[@b12-dddt-9-5805] In a previous study, the same author identified that the chemical constituted the HECP. The presence of c-elemene, benzofuran, 6-ethenyl-4,5,6,7-tetrahydro-3,6-di-methyl-5-isopropenyl, turmerone, germacrone, ar-turmerone, curlone, and 3,7-cyclodecadien-1-one,3,7-dimethyl-10-(1-methylethylidene), has been shown by gas chromatography--time of flight mass spectrometry analysis.[@b11-dddt-9-5805]

This study showed the presence of turmerone, germacrone, and ar-turmerone as the major compounds. However, turmer-one, and ar-turmerone have been reported as active compounds in anticancer activity.[@b16-dddt-9-5805] It has been reported that the essential oil obtained from *C*. *purpurascens* rhizome possesses efficient antiproliferative activity against human carcinoma cell lines such as MCF7, Ca Ski, A549, HT29, and HCT116.[@b16-dddt-9-5805],[@b17-dddt-9-5805]

These sesquiterpenoids are well established as effective biological molecules with antioxidant property.[@b18-dddt-9-5805],[@b19-dddt-9-5805] Despite the fact that the chemical constituents of *C*. *purpurascens* rhizome strongly support its application as the wound-healing agent,[@b20-dddt-9-5805],[@b21-dddt-9-5805] a scientific examination is still required to substantiate its use in folk medicine. Therefore, in the current study, we evaluated the effect of the topical administration of HECP on excision wound model in rats.

The mean percentage of wound contraction was determined after 5, 10, 15, and 20 days of treatment in all four groups. The curative effect of HECP at both doses (100 and 200 mg/kg) after 20 days is distinctly obvious in the gross appearance of excision wound, compared to the negative control group ([Figure 2](#f2-dddt-9-5805){ref-type="fig"}). During the initial 5 days, the healing rate was significantly higher than the negative control only in rats treated with intrasite gel (39.16%, positive control). However, after 10 days, topical treatment with HECP at both doses showed significant wound-healing activity (low dose: 56.21%; high dose: 63.8%; and positive control, 69.31%). Similarly after 15 days, the percentage of wound closure was significantly higher in rats treated with HECP (100 and 200 mg/kg) and intrasite gel ([Figure 3](#f3-dddt-9-5805){ref-type="fig"}). No significant difference between wound-healing effect of HECP (100 and 200 mg/kg) groups and positive control group after 20 days demonstrated their comparable effectiveness. These results showed the potential effect of HECP in accelerating the process of excisional wound healing in rats.

Histological evaluations validated the accelerated wound healing effect of HECP
-------------------------------------------------------------------------------

Histological analysis of the wound tissues was carried out on day 20 after operation using hematoxylin and eosin, and Masson's trichrome stains. As shown in [Figures 4](#f4-dddt-9-5805){ref-type="fig"} and [5](#f5-dddt-9-5805){ref-type="fig"}, both stains illustrated that the scar width was considerably reduced after topical administration of HECP for 20 days, when compared with negative control group. The granulation tissues from rats treated with blank placebo contained high number of inflammatory cells (mononuclear cells), which were comparatively reduced after topical treatment with HECP (both concentrations) or intrasite gel ([Figures 4](#f4-dddt-9-5805){ref-type="fig"} and [5](#f5-dddt-9-5805){ref-type="fig"}). Instead, the collagen fiber and fibroblast formations were conspicuously stimulated and enhanced in these three groups. In addition, as illustrated in [Figure 5](#f5-dddt-9-5805){ref-type="fig"}, new blood vessels were actively formed in rats treated with HECP at both concentrations, comparable with the intrasite gel group.

Histological evaluations revealed a significant elevation in wound repair after topical administration of HECP. Mechanisms underlying this effect could be due to an increase in angiogenesis and deposition of collagen fibers. Collagen, a principal component of connective tissue, is a critical contributing factor for the tensile strength of healing wounds.[@b22-dddt-9-5805] Our results showed that apart from a decline in the number of inflammatory cells, collagen fiber synthesis was augmented in the wound site. Impairment of blood flow to the wound site causes severe deficiencies in the wound-healing process, including decreased anabolic activity, impaired local immune and cell defenses, oxidative stress, protein malnutrition and shortage of growth factors. All these factors amplify the collapse in collagen and fibroblast synthesis.[@b23-dddt-9-5805],[@b24-dddt-9-5805] As a major determinant in the wound-healing process, angiogenesis enables oxygen and nutrient deliveries to the wound area that result in the suppression of ROS stress and the facilitation of the local collagen synthesis and reepithelialization.[@b25-dddt-9-5805]

Topical application of HECP induced downregulation of Bax
---------------------------------------------------------

The energy-dependent mechanism of apoptosis has a pivotal role in the progression of wound-healing process.[@b26-dddt-9-5805],[@b27-dddt-9-5805] Neutrophils are the first cells that arrive at the wound site to eliminate microorganisms and initiate the inflammatory process.[@b28-dddt-9-5805] Neutrophils and other recruited inflammatory cells could generate ROS in the wound area.[@b26-dddt-9-5805] Excessive production of reactive species oxygen at the wound site results in the induction of apoptosis of surrounding cells, including keratinocytes,[@b29-dddt-9-5805] through activation of pro-apoptotic protein such as Bax and further mitochondrial-initiated events.[@b30-dddt-9-5805] A previous study has suggested a direct relationship between the expression of Bax protein and the corresponding relationship with the apoptotic frequency in the process of wound healing.[@b31-dddt-9-5805] Immunohistochemistry staining of the wound sections demonstrated marked Bax protein expression in rats treated with blank placebo, indicating that the wound-healing process is still at the inflammatory phase. However, the other three groups treated with HECP (both doses) and intrasite gel showed a remarkable decrease in Bax protein expression, demonstrating that the wound-healing process was at a later stage. This level of Bax protein expression and induction of apoptosis in these groups is possibly to remove the scar and as a part of normal homeostasis of the tissue cells.

Topical application of HECP induced upregulation of Hsp70
---------------------------------------------------------

Heat-shock proteins (HSPs) are highly conserved family of proteins and among the most copious intracellular proteins.[@b32-dddt-9-5805] It has been proposed that Hsp70 accelerates wound healing by upregulating macrophage-mediated phagocytosis.[@b33-dddt-9-5805],[@b34-dddt-9-5805] A study showed that the level of HSP expression is elevated after the exposure of cells to a wide variety of stress, including wound injury.[@b34-dddt-9-5805] HSPs have a pivotal role in the wound-healing process through attenuation of the inflammatory responses. Moreover, HSPs defend tissues against injuries by preserving synthesis and conformation of proteins, repairing damaged proteins and accelerating the healing process.[@b35-dddt-9-5805] It was previously established that Hsp70 is the most abundant inducible HSP in the wound bed, therefore its protein expression was determined in this study using immunohistochemistry analysis.[@b36-dddt-9-5805] As illustrated in [Figure 6](#f6-dddt-9-5805){ref-type="fig"}, topically treated rats with blank placebo elicited the basal level of Hsp70; however, the inflammatory cells (mononuclear cells) clearly accumulated in the wound section. The brown staining representing the Hsp70 protein expression was elevated after the administration of HECP at 100 and 200 mg/kg concentrations. The induction of Hsp70 protein expression by HECP was comparable with the effect of intra-site gel. These results strongly suggest that HECP induced the protein expression of Hsp70 in the wound tissue which subsequently accelerated the wound-healing process.

HECP enhanced the activity of antioxidants enzymes
--------------------------------------------------

Free radicals or reactive oxygen species (ROS) play a pivotal role in wound-healing process. Skin ischemia in the tissue site causes ROS production by activated leukocytes that can be amplified by positive feedback between the release of free radicals and accumulation of leukocytes.[@b37-dddt-9-5805] Moreover, in the inflammation phase, phagocytosis and digestion of wound debris by neutrophils and macrophages led to the excessive ROS formation in the wound site.[@b38-dddt-9-5805] The human body regulates ROS homeostasis through enzymatic systems. The main class of cellular enzymatic antioxidants consists of CAT, GPx, and SOD that play an important role in the vascular system by attenuation of oxidative stress.[@b39-dddt-9-5805] Nonetheless, excessive accumulation of highly reactive radicals could induce different structural changes, including damages to mitochondrial DNA, lipids, and proteins, which result in further reversible or irreversible cell injuries.[@b40-dddt-9-5805]

As shown in [Table 1](#t1-dddt-9-5805){ref-type="table"}, after topical administration of HECP (100 and 200 mg/kg), CAT, GPx, and SOD activities were significantly augmented in wound tissue homogenates compared with those treated with blank placebo. The increased enzymatic antioxidants of HECP in wound tissues, especially at 200 mg/kg, were comparable to the positive control. These results were in agreement with previous studies exploring the antioxidant effects of compounds and extracts from *Curcuma* species. An earlier study on four species of *Curcuma* showed the major role of sesquiterpenoids in the antioxidant potential of *Curcuma* species.[@b41-dddt-9-5805] Investigation on the antioxidant capacity of curcumin-free turmeric oil with major compounds of ar-turmerone, turmerone, and curlone introduced this oil as an alternative natural antioxidant.[@b42-dddt-9-5805] Another in vivo study on antioxidant and antihyperlipidemic effects of turmeric oil with turmerone as the most abundant compound revealed the preventive effect of turmeric oil against oxidative stress generation in hyperlipidemic rats.[@b43-dddt-9-5805] These findings showed that the marked enzymatic antioxidant effect of HECP may be a contributing factor in the wound-healing potential of HECP.

HECP attenuated the MDA level
-----------------------------

In biological systems, lipid peroxidation is generally defined as the free-radical oxidation of polyunsaturated fatty acids.[@b44-dddt-9-5805] The excessive production of ROS, including hydroxyl radicals in wound tissues, induces lipid peroxidation and causes damage to the cells.[@b45-dddt-9-5805] Impairment in the functions of collagen and fibroblast metabolism, endothelial cells, and keratinocyte capillary permeability is one of the destructive effects of lipid peroxidation. Moreover, as a detrimental factor in the expression of vascular-endothelial growth factor, lipid peroxidation can negatively impact the progress of wound-healing process.[@b46-dddt-9-5805] As one of the most copious carbonyl products of this process, MDA is an easy index of lipid peroxidation.[@b47-dddt-9-5805] As shown in [Figure 7](#f7-dddt-9-5805){ref-type="fig"}, topical administration of HECP (both doses) and intrasite gel significantly declined the MDA level in the wound tissues of rats, compared to the negative control group. However, there was no significant difference between MDA level in the HECP-treated rats and intrasite gel-treated rats representing that HECP at both doses attenuated lipid peroxidation with comparable results with the positive control.

Conclusion
==========

Overall, we provided evidence that the root hexane extract of *C*. *purpurascens* has positive effects on wound healing. The data substantiated the traditional use of *C*. *purpurascens* upon wound injury for the first time. The observed pharmacological effect of the *C*. *purpurascens* rhizome may be due to the presence of sesquiterpenoids such as turmerone, germacrone, and ar-turmerone. The accelerated wound healing in rats after HECP topical administration is facilitated via antioxidant effects, angiogenesis, and deposition of collagen fibers. Moreover, we show that exposure to HECP leads to downexpression of Bax and overexpression of Hsp70 protein at the wound site, indicating a possible mechanistic action at the molecular level.
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![The excision wound model on day 0, before starting the treatments.](dddt-9-5805Fig1){#f1-dddt-9-5805}

![Gross appearance of the excision wound in rats after 20 days of treatment (0.2 mL) with (**A**) blank placebo, (**B**) HECP (100 mg/kg), (**C**) HECP (200 mg/kg), and (**D**) intrasite gel on excision wound contraction.\
**Abbreviation:** HECP, hexane extract of *Curcuma purpurascens* rhizome.](dddt-9-5805Fig2){#f2-dddt-9-5805}

![Effect of topical treatment (0.2 mL) with blank placebo, HECP (100 mg/kg), HECP (200 mg/kg), and intrasite gel on excision wound contraction percentage after 5, 10, 15, and 20 days.\
**Notes:** Values are expressed as mean ± SEM, n=6 animals in each group. \**P*\<0.05 vs negative control rats.\
**Abbreviation:** HECP, hexane extract of *Curcuma purpurascens* rhizome.](dddt-9-5805Fig3){#f3-dddt-9-5805}

![Histopathological view of excision wound healing after H&E staining at two magnifications.\
**Notes:** On the 20th day of treatment, wound tissues were processed from rats treated with (**A**) blank placebo, (**B**) HECP (100 mg/kg), (**C**) HECP (200 mg/kg), and (**D**) intrasite gel. Skin sections illustrate dermis, epidermis, granulation tissue, and scar width. Scale bar: 1,000 µm (low magnification) and 10 µm (high magnification).\
**Abbreviations:** D, dermis; E, epidermis; GT, granulation tissue; H&E, hematoxylin and eosin; HECP, hexane extract of *Curcuma purpurascens* rhizome; S, scar width.](dddt-9-5805Fig4){#f4-dddt-9-5805}

![Photomicrographs of healed wounds stained with Masson's trichrome at two magnifications.\
**Notes:** On the 20th day, wound tissues were taken from rats treated with (**A**) blank placebo, (**B**) HECP (100 mg/kg), (**C**) HECP (200 mg/kg), and (**D**) intrasite gel. Scale bar: 1,000 µm (low magnification) and 10 µm (high magnification).\
**Abbreviations:** CF, collagen fiber; HECP, hexane extract of *Curcuma purpurascens* rhizome; IN, inflammatory cell; S, scar width.](dddt-9-5805Fig5){#f5-dddt-9-5805}

![Immunohistochemistry of wound tissue sections for Bax (top row) and Hsp70 (bottom row) proteins from four groups of rats treated with (**A**) blank placebo, (**B**) HECP (100 mg/kg), (**C**) HECP (200 mg/kg), and (**D**) intrasite gel.\
**Notes:** The tissue sections were taken after 20 days of treatment. Immunopositivity shown as brown staining demonstrated downregulation of Bax and upregulation of Hsp70 in groups (**B**--**D**). Scale bar: 10 µm.\
**Abbreviation:** HECP, hexane extract of *Curcuma purpurascens* rhizome.](dddt-9-5805Fig6){#f6-dddt-9-5805}

![The MDA level in wound tissues homogenates from four groups of rats. **Notes:** Group A: blank placebo, Group B: HECP (100 mg/kg), Group C: HECP (200 mg/kg), and Group D: positive control. Results showed significant attenuation in rats treated topically with HECP (100 mg/kg and 200 mg/kg) and intrasite gel. Values are expressed as mean ± SEM, n=6 animals in each group. \**P*\<0.05 vs negative control rats (Group A).\
**Abbreviations:** HECP, hexane extract of *Curcuma purpurascens* rhizome; MDA, malondialdehyde.](dddt-9-5805Fig7){#f7-dddt-9-5805}

###### 

Effect of ointment administration on antioxidants enzymes, namely CAT, GPx, and SOD, from four groups of rats

  Group                                 CAT (nmol/mg protein)                                    GPx (nmol/mg protein)                                   SOD (U/mg protein)
  ------------------------------------- -------------------------------------------------------- ------------------------------------------------------- --------------------------------------------------------
  A: blank placebo (negative control)   35.25±2.25                                               0.81±0.04                                               13.67±1.71
  B: HECP (100 mg/kg)                   65.70±2.80[\*](#tfn2-dddt-9-5805){ref-type="table-fn"}   1.75±0.39[\*](#tfn2-dddt-9-5805){ref-type="table-fn"}   24.33±2.03[\*](#tfn2-dddt-9-5805){ref-type="table-fn"}
  C: HECP (200 mg/kg)                   79.55±1.98[\*](#tfn2-dddt-9-5805){ref-type="table-fn"}   2.46±0.40[\*](#tfn2-dddt-9-5805){ref-type="table-fn"}   31.63±1.23[\*](#tfn2-dddt-9-5805){ref-type="table-fn"}
  D: positive control                   84.56±4.03[\*](#tfn2-dddt-9-5805){ref-type="table-fn"}   3.08±0.12[\*](#tfn2-dddt-9-5805){ref-type="table-fn"}   34.18±1.90[\*](#tfn2-dddt-9-5805){ref-type="table-fn"}

**Notes:** Values are expressed as mean ± SEM, n=6 animals in each group.

*P*\<0.05 vs negative control rats (Group A).

**Abbreviations:** CAT, catalase; GPx, glutathione peroxidase; SOD, superoxide dismutase; HECP, hexane extract of *Curcuma purpurascens* rhizome.
